Background. Carbapenems are a frequent firstline therapy in complicated intra-abdominal infections (cIAIs). We examined the microbiology, epidemiology, and outcomes among patients hospitalized in the United States with culture-positive cIAIs in the context of their exposure to empiric carbapenem treatment (ECT).
Complicated intra-abdominal infections (cIAIs) remain a substantial challenge in US hospitals. Those suffering from a cIAI often require complex management that includes source control and proper antimicrobial coverage [1] . Because of the severity of illness associated with cIAI and the need for complex care, these patients face a considerable risk of death [2] . The potential for mortality increases further when the patient is exposed to inappropriate empiric therapy (IET). In the current era of escalating rates of antimicrobial resistance, the potential for IET is significant [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Conversely, overuse of broad-spectrum agents where they are not necessary to cover potential pathogens drives up rates of resistance. This phenomenon has been particularly evident in the case of carbapenems, which are often recommended as broad-spectrum empiric treatment in high-risk cIAI patients. In part, concern about the prevalence of extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae and Pseudomonas aeruginosa has contributed to greater use of carbapenems in cIAI. However, because of broader reliance on carbapenems, once considered a "last-resort" antibiotic for those with life-threatening infections, the class is losing its in vitro potency, and now resistance to carbapenems is often seen in Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae [19] [20] [21] .
Balancing the need for sufficiently broad-spectrum agents with the need to curtail resistance is a challenge for the bedside clinician. Often treatment decisions derive from information generalized at the level of the pathogen, failing to consider its prevalence in the specific disease state necessary to make treatment choices. Additionally, to make recommendations regarding appropriate carbapenem use and to benchmark rates of compliance with formal guideline recommendations, one must understand current practices. To address these issues, we examined the microbiology and outcomes of patients in the United States hospitalized with cIAI in the context of their exposure to empiric treatment with a carbapenem (ECT). METHODS We performed a multicenter retrospective cohort study of hospitalized patients with International Classification of Diseases (ICD)-9-CM codes (or their ICD-10 equivalents after October 2015) indicating cIAI (the details of the algorithm are presented in the Supplementary Data) [18] . In addition, we required that there be evidence of antibiotic treatment that began on the day culture was obtained and was continued for at least 3 consecutive days, or until discharge [22] [23] [24] .
Because this study used already existing fully de-identified data, it was exempt from institutional review board review under 45 CFR 46.101(b)4 [25] .
Study Population
Patients were included if they were adults (aged ≥18 years) whose hospitalization of 2 days or longer included a diagnosis of cIAI. We required that an abdominal and/or blood culture drawn during or within 48 hours after laparotomy/laparoscopy be positive for a causative organism (list below), as well as evidence of antibiotic treatment on the day of surgery or index culture that continued for ≥3 consecutive days. Patients not meeting these criteria were excluded from the cohort. Additionally, we excluded patients with a concurrent urinary tract infection diagnosis at any time during the hospitalization in order to minimize the risk of source misattribution of positive blood cultures. Finally, we excluded patients transferred from another acute care facility, as our primary interest focused on the empiric treatment period.
Data Source
The data for the study were obtained from the Premier database, an electronic laboratory, pharmacy, and billing data repository, for the years 2013 through 2017. The database represents ~15% of all hospitalizations nationwide. For further description of the database, see the Supplementary Data.
Baseline Measures
cIAI was classified as community-onset (CO) if present on admission or if the index culture was obtained within the first 2 hospital days. CO cIAI was further classified as health care-associated (HCA) if 1 or more of the following risk factors was present: (1) prior hospitalization within 90 days of the index hospitalization, (2) hemodialysis, (3) admission from a long-term care facility, and (4) immune suppression. All other CO infections were defined as community-acquired (CA). All cIAIs occurring on or after hospital day 3 were considered hospital-onset (HO). In addition to infection classification, patient factors examined included history of exposure to antibiotics within 90 days before the index admission, exposure to antibiotics during the index hospitalization before the onset of cIAI if HO, demographic variables, and comorbid conditions. We computed the Charlson comorbidity score as a measure of the burden of chronic illness, whereas ICU admission, need for mechanical ventilation, presence of severe sepsis or septic shock, and use of dialysis and/or vasopressors at baseline (day of surgery/index culture) served as markers for acute disease severity. Organisms and their susceptibilities were identified, and empiric antibiotic treatment was considered appropriate if the patient received a regimen that covered the corresponding organism within 2 days of the culture being obtained. The prevalence of carbapenem as empiric therapy in each institution was derived as a baseline hospital-level variable. We also explored hospital structural characteristics (eg, size, teaching status, urbanicity) and processes of care (eg, choices of antimicrobials), as they impacted patient outcomes.
Microbiology and Antimicrobial Treatment Variables and Definitions

Organisms of Interest
To be included, a patient had to grow out at least 1 qualifying organism in the abdominal fluid or blood, including any of the gram-negative organisms listed below. The first culture growing out one of the organisms of interest served as the index culture.
Gram-negative organisms of particular interest were Pseudomonas aeruginosa, Acinetobacter baumannii, Stenotrophomonas maltophilia, and Enterobacteriaceae. The Supplementary Data lists organisms included as Enterobacteriaceae.
The prevalence of the following frequent cIAI pathogens was also examined: Enterococcus spp., Staphylococcus aureus (including methicillin-resistant S. aureus [MRSA]), Bacteroides fragilis, and Candida spp. In addition, we noted if a polymicrobial infection was present.
Definitions of carbapenem resistance (CR), third-generation cephalosporin resistance (C3R), and inappropriate empiric therapy (IET) can be found in the Supplementary Data.
Outcomes
The primary outcome of interest was hospital mortality as it relates to ECT. Secondary outcomes included hospital length of stay (LOS; in days, total and post-infection onset for all and for survivors only), total costs and total post-infection onset costs, and 30-day readmission rates among survivors. We further explored several additional outcomes associated with ECT as compared with other regimens (non-ECT): 
Statistical Analyses
All demographics, comorbidities, hospital characteristics and processes, and hospital outcomes were compared between the ECT and non-ECT groups using standard summary statistics. Continuous variables were reported as means with standard deviations and as medians with 25th and 75th percentiles (interquartile range). Differences between mean values were tested via the Student t test, whereas those between medians were examined using the Mann-Whitney U test. Categorical data were summarized as counts and frequencies, and the chi-square test or Fisher exact test for cell counts <4 was used to examine between-group differences. Inference tests with a P value <.05 were considered statistically significant. We developed multilevel (hierarchical) mixed-effects logistic regression models with hospitals treated as random effects to examine the contribution of empiric carbapenem treatment to clinical deterioration, C. difficile development, AKI and AKI-D onset, mortality, and 30-day readmissions. A competing risk regression model (with mortality as the competing risk) was used to model treatment failure. The impact of empiric carbapenem treatment on costs (both total and post-infection onset) and hospital LOS (both total and post-infection onset) was examined using multilevel mixed-effects generalized linear models with a logarithmic link function and a gamma distribution (or a normal distribution for postinfection LOS, as some values equaled 0). In all models, we examined the covariates present from the start of hospitalization through the day of the onset of the index infection.
All statistical analyses were done with Stata/MP 15.1 for Windows (StataCorp, LLC, College Station, TX, USA).
RESULTS
Among 321 317 patients with cIAI, 4453 (1.4%) were culturepositive, met all the inclusion criteria, and were analyzed in the cohort (Supplementary Figure 1) . The most common reason for exclusion was the absence of a positive culture (81.1%).
A little over one-third of the cultures came from an abdominal source only (n = 1686), with an additional 545 (12.2%%) from blood only, and another 2222 (49.9%) from both. Although the majority of all cIAIs had gram-negative (GN) organisms, a substantial minority had a gram-positive (GP) pathogen (40.0%), among which Enterococcus sp. was the most frequent (60.2%) ( Table 1) . A total of 4032 GN organisms were isolated from 3771 patients, with E. coli being the most common (56.7%), with a C3R prevalence of 4.9% and CR of 0.3%. Overall, C3R and CR prevalence was 7.6% and 2.2%, respectively, among all GN isolates, and A. baumannii was most likely to be C3R and CR (21.4% for each) ( Table 1 ). Approximately one-third of the cohort suffered from polymicrobial infections (n = 1512), with the rest growing a single organism. Among those with a polymicrobial infection, 1100 (72.8%) were mixed GN and GP.
Approximately one-quarter (n = 1185) of all patients received antimicrobial regimens that included ECT. Patients on ECT did not differ from those on non-ECT with regard to age, gender distribution, or race ( Table 2 ). Compared with those on non-ECT, patients on ECT were less likely to be admitted from home (82.5% vs 86.0%) and more likely to be admitted from a non-acute care facility (6.4% vs 5.0%), but also less likely to be admitted emergently (76.0% vs 81.4%; P < .05 for each) ( Table  2) . Additionally, ECT (1.8 ± 2.2) patients had a higher mean Charlson comorbidity score than non-ECT (1.6 ± 2.1) patients. ECT was more likely to be given in hospitals in the South in medium-sized (200-399 beds), nonacademic, and urban institutions than non-ECT. Similarly, by all measures of severity of acute illness, those in the ECT group were sicker than those in the non-ECT group ( Table 2) .
There were limited differences in organism distribution between the ECT and non-ECT groups ( Table 3 ). E. coli were less likely, whereas P. aeruginosa and Enterococcus spp. were more likely to be isolated in the ECT group. Notably, both C3R (10.1% vs 5.1%; P < .001) and CR (3.6% vs 1.2%; P < .001) infections were more frequent in the ECT than in the non-ECT group. In other words, although a presumptive ESBL pathogen was observed more often in those prescribed ECT, the actual prevalence of ESBL organisms was low even among those treated with a carbapenem. On average, compared with those treated with non-ECT, patients on ECT developed their cIAI later in the hospitalization (5.5 ± 11.8 vs 3.2 ± 5.2 days; P < .001) and were more likely to have their infections classified as HCA or HO than CA (Table 3 ). Of the individual and combination regimens commonly used in cIAI, ertapenem was the most common in the ECT group (57.1%), and meropenem was the second most common (39.3%). In the non-ECT group, piperacillin-tazobactam was used in nearly three-quarters of all patients (72.6%). Among patients for whom appropriateness of the empiric regimen could be determined, there was no difference in exposure to IET between the ECT and non-ECT groups ( Table 3) .
All the examined unadjusted outcomes were worse in the group on ECT than non-ECT (Table 4 ). Adjusting for confounders known at the onset of cIAI, including demographics, hospital characteristics, and chronic and acute illness markers, worsening of some, though not all, of the outcomes persisted in association with receiving ECT (Table 5 ). Though hospital mortality, 30-day readmission, and AKI/AKI-D incidence were not increased in the ECT group compared with non-ECT, and though ECT was associated with significant independent excess in the total hospital LOS (0.96 days; 95% confidence interval [CI], 0.29 to 1.64), total hospital costs ($3897; 95% CI, $2001 to $5792), postinfection costs ($3844; 95% CI, $1921 to $5767), and in the risk of HO-CDI (odds ratio [OR], 2.14; 95% CI, 1.02 to 4.47), clinical deterioration (OR, 1.26; 95% CI, 1.04 to 1.52), and treatment failure (subhazard ratio, 1.62; 95% CI, 1.41 to 1.86), the postinfection LOS in the ECT group was shorter than in the non-ECT group (-0.61 days; 95% CI, -1.18 to -0.04).
In contrast, the postinfection LOS in the ECT group was statistically similar to the non-ECT group. Sensitivity analyses produced similar results (Supplementary Data). We did observe a modest excess in postinfection LOS in the ECT group relative to the non-ECT group (0.25 days; 95% CI, 0.03 to 0.48).
DISCUSSION
We demonstrate that among hospitalized patients with cIAI, only a small minority (1.4%) had a positive culture. The use of ECT, employed in over one-quarter of all patients, exceeded the prevalence of C3R by a factor of 3. Importantly, the organisms with the highest prevalence of C3R, where carbapenems may represent the treatment of choice (Enterobacter spp., A. baumannii), were an order of magnitude less common as causes of cIAI than those with the lowest rates of resistance (E. coli, K. pneumoniae). Despite this, the most common C3R pathogen was E. coli, accounting for nearly half of all C3R organisms. Importantly, although hospital mortality and 30-day readmission rates in the 2 groups were similar, ECT was associated with a reduction in the postinfection LOS. Higher postinfection costs were associated with ECT despite a modest reduction in postinfection LOS. The dissociation between costs and LOS may be due to several factors. One possibility is that the higher raw mortality in the ECT group implies greater resource utilization without extension of life. Another potential explanation is a statistical anomaly known as Simpson's paradox. This arises essentially because of potentially heterogeneous groups combined into a single mean value, as well as the presence of residual confounding. It would be useful to examine this issue in future research.
The discordance between the total and postinfection LOS between the 2 groups suggests that the overall prolongation of LOS in the ECT group occurred largely in the pre-infection period, possibly pointing to, along with prior exposure to antimicrobials and history of C3R, an increased probability of a resistant organism. In this way, LOS is a marker for ECT use, rather than its consequence. ECT was also linked with an increase in the risk of developing HO-CDI, as well as of clinical deterioration, and treatment failure relative to other empiric treatments, even after adjusting for many confounders known at cIAI onset. Together, these findings, along with the stably low prevalence of CR, suggest that opportunities exist for carbapenem-sparing strategies in cIAI. Shifting away from ECT in cIAI, therefore, could potentially reduce selection pressure for carbapenem resistance and limit rates of important, publicly reported complications such as CDI.
Carbapenems have been increasingly relied upon in cIAI for many years. However, the Surgical Infections Society (SIS) in 2017 updated its evidence-based guidelines for the treatment of cIAI [28] . At that time, the SIS indicated that carbapenems were not recommended as routine empiric agents. Carbapenems, though, were noted to serve a role in select "higher-risk" patients, namely those at risk for a resistant pathogen (HCA and HO cIAI) or those who exhibit severe signs of acute decompensation, such as the need for vasopressors and/or mechanical ventilation. Our data suggest that, on one level, practitioners appear to heed this advice. Specifically, we saw that ECT was administered more frequently than non-ECT to HCA-and HO-cIAI patients. We further observed that all markers of acute illness severity were higher in patients in the ECT group than those in the non-ECT group, thus comporting with the recommendations. Nonetheless, the majority of patients with ECT suffered from a CO-cIAI.
We further note that in the group receiving ECT, approximately one-third of the patients also received empiric piperacillin-tazobactam. This likely represents a switch during the transfer of care between teams in the emergency department, the ward, the operating room, and/or the ICU. Moreover, nearly three-quarters received piperacillin-tazobactam in the non-ECT group, despite the fact that the SIS guidelines also recommend reserving this drug for high-risk patients. In part, the use of either of these broad agents reflects limitations in rapid diagnostic technologies that might help to alleviate uncertainty about initial empiric therapy. Although bedside rapid molecular testing is on the horizon, until it is widely available, appreciating local antibiograms and the interaction of the hospital's microbiology with the specific syndrome in question will remain critical for limiting the use of broad-spectrum coverage. Furthermore, predictive models, if validated, may prove a useful adjunct to stratifying the risk for resistance [29, 30] .
The hospital mortality rate in our cohort did not differ from that reported by other authors, supporting the generalizability and face validity of our results. For example, Solomkin and coworkers examined the outcomes of cIAI treatment with tigecycline in a group of patients conducted using the Premier database between 2009 and 2012 [31] . In propensity scorematched groups, hospital mortality was between 10.2% and 11.1%, or similar to what we observed in the ECT group. One major difference between Solomkin's study and ours is that we required patients to have a positive abdominal or blood culture, thus possibly selecting for sicker patients. In view of this, it is encouraging that we did not detect higher death rates in our cohort.
Our study builds on prior work and adds to the body of knowledge on the outcomes of cIAI in other ways. Although adjusting for factors present at the onset of cIAI eliminated differences in mortality and 30-day readmission, ECT was associated with greater total hospital LOS but a reduction in the postinfection LOS. At the same time, we estimated added postinfection costs of ~$3800. These observations with regard to the potential implications of ECT for resource use are novel and suggest that clinicians rightly target ECT to patients who have spent a longer time in the hospital and are more acutely ill, thus raising their risk for a resistant infection. We also examined novel yet important outcomes such as the risk of incident C. difficile and other complications that impact hospital course. Though rare in both groups, CDI was strongly associated with ECT, occurring at more than double the rate seen with other regimens. This nexus between ECT and CDI is worrisome and may reflect the important impact of carbapenems on gastrointestinal flora. This finding contrasts with that of Metzger et al., who in a single-center cohort failed to find a connection in cIAI between CDI and any specific antimicrobial class [32] . This relationship requires further examination in future research.
Incident AKI, on the other hand, is somewhat more likely in ECT patients. Notably, the AKI prevalence in our cohort was high, with approximately one-third of all patients suffering this outcome. This is considerably higher than what has been described in other studies, though it is not inconsistent with the high degree of acute illness (vasopressor use in one-third of the population) [26] . Given that AKI, and particularly AKI-D, is an important determinant of hospital costs and mortality, future studies need to examine potential modifiable risk factors for developing AKI in cIAI patients. Two additional important end points are worth highlighting: the incidence of clinical deterioration and treatment failure. Though their frequency in our study is lower than in that by Solomkin et al., this is most likely due to a different population (theirs did not require a positive culture) and different definitions for these events [31] . Nevertheless, both are common in both groups.
Our study has a number of limitations. As a retrospective cohort study, it is susceptible to various types of bias, most notably selection bias. We attempted to minimize this by defining enrollment criteria prospectively, as well as by enrolling consecutive patients who met the selection criteria. Confounding is another threat to the validity of an observational study, particularly when evaluating treatment effectiveness. Similarly, in the case of any treatment exploration, there is also a possibility specifically of confounding by indication, where broader-spectrum treatment may be a marker of more severe disease. Though we adjusted for illness severity among many other covariates, residual confounding may still be present. For example, we lacked access to information regarding source control, an important determinant of outcomes in cIAI. This implies that the outcome estimates may not be wholly attributable to ECT. However, we minimized residual confounding by using severity of illness variables known at cIAI onset. We also did not stratify by infection source in this analysis. We omitted this, as the recent SIS guideline does not recommend including this as a determinant of risk [28] . Despite these shortcomings, our results may point to potential carbapenem overuse as an empiric regimen.
Misclassification is a possibility as well, particularly given that we relied on administrative coding to identify the cohort and some of the outcomes. We tried to minimize it by (a) using previously published algorithms and (b) erring on the side of specificity at the expense of sensitivity [18, 22-24, 26, 33] . Furthermore, when present, such misclassification would affect both groups equally, thus reducing any actual differences between the groups. Because we used a large multicenter database for our analyses, lack of generalizability is not a major concern. However, given that our cohort includes only culture-positive cIAI patients, the results may not generalize broadly to those cIAI patients who either were not sampled for a pathogen or did not grow one out.
In summary, we show that the prevalence rates of C3R, a surrogate for ESBL, and CR in culture-positive patients with cIAI are still relatively low in the United States. Nevertheless, ECT is used in one-quarter of all cIAI patients, with some associated adverse outcomes, including an increase in the risk of CDI, clinical deterioration, treatment failure, and excess costs. Although it remains difficult to attribute some of these end points specifically to carbapenem use rather than to other underlying factors not captured in the data, these are important associations that future studies should attempt to disentangle. In a broad sense, our findings point to potential opportunities for antimicrobial stewardship programs as a compliment to the care of cIAI patients, so as to address the appropriate use of broad-spectrum therapies.
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